Introduction
The mining, recovery and processing of Platinum Group Minerals (PGMs) is a multi-billion dollar industry. The Bushveld Igneous Complex in South Africa contains approximately 75% of the world's platinum and 50% of the world's palladium reserves, which are often present as sulfidic ores and associated alongside considerable quantities of base metal sulphides such as pyrite (FeS2), pyrrhotite (Fe(1-x)S (x=0-0.2)) and the mixed iron/nickel mineral pentlandite (Fe,Ni)9S8 (Pn), 1 which can itself be a rich source of PGMs with some recorded samples containing up to 12.1 wt% Pd 2 . The ore feed as it comes from the mines has an extremely low PGM concentration (ca. 1-3 ppm), so there is a requirement to separate and concentrate PGMs from commercially less valuable minerals, prior to the leaching or smelting stages.
Separating the PGMs from other minerals is usually achieved by froth flotation, 3, 4 which operates by aerating a finely-ground ore slurry in a series of agitated tanks. Selective ligands, called mineral collectors, are added to bind to the target mineral surface via chemi-or physisorption. Collectors are typically small organic anionic surfactants, such as ethyl xanthate (CH3CH2OCS2 -), that possess an anionic head group to bind to the metal ions on mineral surfaces, while the aliphatic tail renders the surface hydrophobic, facilitating bubble attachment. In this way, mineral particles rise through the tank to form a froth which is mechanically separated for further processing.
Studying the mode of action for collector ligands with mineral surfaces is of major industrial interest, 5 and an area in which some insight can be achieved from computational modelling. The work is challenging, however. High accuracy modelling of the two-phase collector/mineral system requires a first principles condensed matter approach 6 , with plane-wave density functional theory (DFT) being the most tractable solution, but this places a restriction on the size of atomistic models that can be processed. Specific to this work was the decision to model pentlandite, which has value as a primary source of Ni, and tends to be preferentially collected over PGMs in the froth floatation process.
Pentlandite displays positional disorder of its Fe and Ni sites, which significantly complicates the task of defining a working surface, cleaved from a suitable solid state model, upon which to study ligand binding. Within the ultrasoft pseudopotential method there exists a possible solution in the virtual crystal approximation (VCA) 7 , a technique derived to account for static positional disorder and stoichiometric variance in crystal structures. Here a disordered lattice position is replaced with two or more (non-interacting) pseudoatoms, which interpolate between the possible occupants of the site.
While this method necessitates the neglect of local structure variation around the pseudoatoms, it has been successfully applied in a number of solid state studies 8, 9 . The ability of the VCA method to generate reliable bulk, surface and ligand/surface binding models with high positional disorder is investigated in this paper.
Another approach to dealing with metal site disorder is to parameterise a cluster expansion model.
This relates the total energy of a bulk lattice to the species occupying the metal sites by use of a network of pairwise (or higher order) lattice sites and associated interaction constants, which are derived by fitting the cluster expansion to the total energies obtained from a training set of explicitlydefined DFT simulations. A well-parameterised cluster expansion Hamiltonian then allows the application of a Monte Carlo approach to find the global minimum-energy bulk structure. Moreover the cluster interaction constants allow information to be gleaned regarding the nature of the metal…metal contacts themselves, specifically whether homogeneous (i.e. Fe…Fe or Ni…Ni) or heterogeneous (Fe…Ni) neighbouring metal contacts in the Pn disordered lattice are more likely to be energetically favoured.
A second modelling challenge in this work is the need to bind anionic ligands to the surface model.
Placing a negatively charged ligand into a periodic system creates a charged supercell which lacks a well-defined energy. 10 Herein we offer a solution by calculating a correction defined via the surface work function that corresponds to the energy required to remove an electron from the mineral surface, thereby returning the model to an effectively charge zero state. The justification for this stems from the fact that the Pn mineral surface is metallic, and thus the charge introduced from the anionic ligand will dissipate (and be effectively diluted) through the slab.
Finally, as sulfide mineral flotation occurs in aqueous media under fairly basic conditions 4 , water and hydroxide ions will compete 11 with the collector ligand to bind to the mineral surface. A full ab initio treatment of the interfacial water environment involves too many degrees of freedom to be tractable on a reasonable timescale. In this work we address surface binding competition in a more general way by considering the binding of an increasing surface coverage of water molecules, from one molecule per unit cell to a full monolayer. We also consider the binding of a single hydroxide fragment to the Pn mineral surface in order to estimate the initial energetic barrier that the collector ligand would have to overcome in order to bind to the bare mineral surface.
The paper is laid out as follows. In the methods section we first describe the computational models used before moving onto techniques for dealing with positional disorder in bulk and surface Pn models, in which we describe both the VCA and cluster expansion methods. Next we describe the building and assessment of surface models and describe the method used to calculate binding of a formally negatively charged ligand to a mineral surface via the surface work function correction. In the results and discussion section we first compare and contrast VCA and explicit Pn bulk models and follow this with the results obtained from the cluster expansion method. We then use the surface work function correction to calculate binding energies for ethyl xanthate, water and hydroxide ligand to the surface of Pn.
Methods

Computational details
All geometry optimisation calculations were carried out using the plane-wave DFT code CASTEP 12 , version 7.02. The PBE exchange-correlation functional 13 was used, along with a plane-wave basis set with an energy cut-off of 550 eV, which demonstrated convergence to within 0.2 meV/atom. Ultrasoft pseudopotentials 14 were generated 'on-the-fly'. A k-point grid was generated using the Monkhorst-Pack scheme 15 set to 4 x 4 x 1 for all calculations, representing a k-point sampling spacing of no greater than 0.015 Å -1
. The convergence tolerances for force, ionic displacement and energy were 0.05 eVÅ -1 , 0.001 Å and 0.01 meV/atom, respectively.
The bulk unit cell parameters and atomic positions of Pn were set at the values determined by Pearson et al, 16 which were obtained from the mineral crystallographic database MINCRYST. 17 These cell parameters were a (= b = c) = 10.03 Å,  (=  = ) = 90 and space group Fm-3m (#225 Whilst this makes for an attractive system size for computational modelling work, the issue of whether this is a realistic representation of surface coverage requires discussion. From electrochemical and surface enhanced Raman spectroscopy (SERS) measurements it is generally accepted that ethyl xanthate monomers chemisorb to the surfaces of minerals, and then undergo an oxidative dimerization reaction to form the dixanthogen species, which are thought to form physisorbed multilayers above the chemisorbed monomer. 25 , 26, 27 The extent of surface coverage by the collector ligand appears not to be reported in the literature, however. But since in this work we are interested in modelling the chemisorbed binding of the monomer state only, the number of available binding sites in the proposed models seems reasonable for the task at hand. Note however, this model is only large enough to permit adsorption of one ligand onto one surface; to adsorb onto both surfaces would require the c vector to at least double in length, which would render the task extremely computeheavy. This raises the prospect that the asymmetric ligand+surface models will carry a dipole, which in turn could further polarise the system. However, the dipole correction to the total energy, as calculated using the Neugebauer and Scheffler scheme 28 
Positional disorder in Pn bulk and surface models
The configurational disorder of metal sites in Pn generates a large number of different bulk and surface The literature generally recommends that the VCA method is thoroughly benchmarked before use. 10, 11 To this end comparisons were made between VCA models and a selection of randomly generated models with explicit metal site occupancy (referred to throughout as 'explicit' models) at three different stages: comparison of optimised bulk, surface and ligand-binding systems. For bulk systems atomic displacements observed following optimisation were compared; for surfaces and for ligand binding comparisons were made on the basis of surface energies and ligand binding energies,
respectively.
An alternative to VCA is to generate a cluster expansion expression which relates the total energy of Each site pair interaction will make a separate contribution to the total energy and so a weighting parameter Jn for each is required. In this way we can define the total bulk energy ET of any bulk Pn model as:
where E0 is a constant baseline energy term. We constructed ten explicit Pn bulk models (labelled A-J) whose metal distributions were chosen randomly (see Supporting Information, SI3) and found their total energy ET. This represents the training data set, against which the baseline energy E0 and weighting constants Jn were fitted.
Definition and testing of surface models
Before dealing with positional disorder in the Pn surface, a generalised working surface was defined using the surface energy as a metric for stability. This was calculated as the difference in the total energies of a surface slab model (Esurf) and a representative bulk model (Ebulk) from which the surface has been cleaved containing the same number of atoms in the same stoichiometric mix 29 . This value was then divided by the exposed surface area (A) of the slab model, as shown in equation 2.
It should be noted that the slab has two surfaces, top and bottom, and ideally both should be the same, otherwise the energy obtained will represent a mix of energetic contributions from both surfaces.
For the bulk crystal structure Pn, a number of possible surface models were generated by cleaving any model which did not match the bulk ratio was discounted as they are not energetically comparable.
Of all models so generated, only one met the ratio requirement, the metal-terminated surface on the
[111] cleavage plane (see Figure 3 , Supporting Information SI4, and also Figure 6 ), which consists of metal sites sitting slightly elevated from the mineral surface and forming threefold hollows interspersed with sulfur ions. Interestingly, this surface mirrors the two 4-and 5-coordinate sulfur sites reported from an X-ray photoelectron spectroscopy study of near-pristine natural pentlandite. 30 While this sets the general structure of the surface model (herein defined as the 'working surface'), the issue of metal site identity still remains. To this end, the ten explicit random Pn bulk model (labelled A-J) already defined to parameterise the cluster expansion expression were cleaved along the [111] Miller Index plane, as was the lowest energy Pn bulk model subsequently found by the cluster expansion expression, and the general VCA bulk model. Thus the surface energies for a total set of twelve surface models were pursued. These represent ideal surfaces; the effects of e.g. surface reconstruction cannot be pursued with models of this size. 35 (see Figure 5 ):
Calculating ligand binding energies
A practical scheme to calculate the binding energy for a singly charged anion on a surface can then be calculated using the following expression:
The binding of ethyl xanthate to the working surface of Pn was modelled using both the VCA and atomexplicit models. Starting with the VCA surface, the ligand was docked onto the surface via the thiol head group in either a single (i.e. with only one sulfur atom addressing the surface), or bridging (i.e.
with both sulfur atoms addressing different metal ions on the surface, see Figure 2 ) geometry. The later docking arrangement was the most stable, and all subsequent xanthate binding calculations pursued this geometry exclusively. Following optimisation, the VCA pseudoatoms in the slab were
then exchanged for explicitly (and randomly) defined Fe or Ni ions, while maintaining an overall 1:1 ratio of Fe:Ni. A total of ten models (labelled 1 to 10) were investigated 36 .
Any investigation into the effects of ligand/surface binding for a froth flotation application should take into account desolvation of the ligand and surface. Neither are straightforward to achieve without explicit treatment of water molecules, which comes with considerable computational cost. Whilst an estimate of ligand desolvation energy could be obtained, for example, by application of the solvent polarizable continuum model (PCM) 37 , this is only a partial solution, as it is reasonable to assume that only the polar binding head-group becomes desolvated upon binding to the mineral surface.
Calculating desolvation energies of the surface is also complex, as removal of water from the mineral surface should be into bulk water, not a vacuum layer. It is also reasonable to expect that the work function [ ] 0 will be dependent upon the presence of water. Previous work by Cheng et al 38 showed
that a solvated work function for a water monolayer in contact with TiO2 gave good equivalence to that derived from a full bulk water/surface model. However, the challenge with adopting this procedure for the [111] Pn mineral slab lies in obtaining equivalent water monolayer geometries on both the top and bottom surfaces; any variation in geometry significantly affects the vacuum electrostatic potential, and hence the ability to obtain a stable work function.
In the face of this complexity, some of the effects of solvation in the computational models were instead estimated through simple competitive site binding, by determining the binding energies of both individual water molecules and hydroxide anions, as well as a monolayer of water molecules on relevant surfaces. The modelling of a water monolayer was achieved by considering an increasing number of water molecules (oxygen atom pointing down) to the metal ions on the mineral surface in the 'on-top' orientation (such that an axis bisecting the H-O-H angle was perpendicular to the surface; this binding arrangement has been shown to be more energetically favourable on pure metal surfaces than one where water molecules bridge metal atom sites 39, 40 ). As there are three exposed metal sites per unit cell these coverages are labelled '1/3', '2/3' and 'full'. It was expected that following optimization the H2O molecular plane would drop to be almost parallel to the surface 39 . Repeat calculations were performed for higher surface coverage models, with the molecular planes of the different water molecules parallel and perpendicular to one another, to ensure that the lowest energy conformation was achieved. The hydroxide fragment was addressed oxygen atom 'down' into the ontop position of the metals on the mineral surface, with the oxygen-hydrogen bond axis parallel with the surface normal.
Results and Discussion
Comparison of VCA and explicit bulk models
Atomic displacement data for the optimisation process of the Pn VCA bulk and explicit bulks A-J, compared to the input crystallographic coordinates, are given in the Supporting Information (Table   S7 , SI7). They show that the explicit model atoms moved (on average) 0.07 Å, compared to 0.05 Å from the VCA model, indicating that the explicit models experience slightly greater local distortions in the lattice than the averaged VCA model (note the maximum deviation from the experimental structure found for any atomic site was 0.33 Å and 0.27 Å for the explicit and VCA models, respectively). Overall, however, the differences between the modelling approaches appear to be quite small, and so on the basis of bulk geometries, the general VCA model is broadly similar to the explicit model results.
Cluster expansion models
The ∑ , terms for all ten explicit bulk models A-J are presented in the Supporting Information, SI8, alongside their predicted total energies and actual total energies , , as derived by DFT geometry optimisations. The two sets of energies are also shown as a correlation plot in Figure 4 , where an R 2 fit to a y = x line of 0.9872 testifies to a good performance by the six-parameter cluster expansion
Hamiltonian in reproducing the DFT optimised energies. Values for the short-contact interaction parameters and baseline energy term E0 (obtained by a least squares approach 41 ) are shown in Table   1 , alongside their 'power ranking', obtained by taking their respective degeneracies into account.
From this it was found that interaction 3 imparts the biggest impact on the total energy, followed by 2 , 1 , 5 and 4 in that order. Given that four of the five parameters are positive numbers this suggests that the total energy of the Pn unit cell as expressed by equation 1 will be minimised if neighbouring metal sites are occupied by non-identical ions (i.e. the ∑ , terms are negative).
Thus the cluster expansion expression suggest that more stable bulk models are obtained when the metal ions in the lattice are heterogeneously dispersed. However, we stress that the training set of DFT optimised structures have been derived from spin restricted wavefunctions; whether these correlations hold in a spin-polarised environment, and with more rigorous DFT+U functionals to explore specific metal site oxidation and spin state will require further investigation.
Inserting values for 0 and 1 -5 into Equation 1 permitted the calculation of a predicted total energy for any metal distribution in a Pn bulk unit cell, provided the associated ∑ , terms can be determined. Using this parameter set a Monte Carlo pair-swapping algorithm was used to efficiently sample the ( 36 18 ) possible metal occupations in the Pn mineral bulk to find the global lowest-energy Pn structure. The resulting structure was subsequently confirmed as the lowest energy structure in the set by a DFT geometry optimisation calculation, which returned a total energy value some 0.4 eV lower than the most stable randomised bulk model. The structure of the lowest energy bulk unit cell displays a reasonably high degree of symmetry, belonging to space group Pcma [see Figure 1 
Comparison of VCA, explicit and cluster expansion model surfaces
The surface energies for the VCA working surface, the ten explicit working surfaces cleaved from the bulk models A-J, and the surface cleaved from the cluster expansion bulk model (labelled 'C.E. surf') are presented in Table 2 along with the total number of iron and nickel ions in each 'layer' of these surface models (as described in Figure 6 ). The model total energies used to calculate the surface energies presented in Table 3 are given in the Supporting Information, SI9. While the top and bottom surfaces of the slab are identical with respect to a general metal or sulphur site, the metal occupancies will no longer be identical when a random species (Fe or Ni) is assigned to any given metal site. This limitation could be fixed by increasing the slab thickness until it reaches the next completely identical working surface, but the computational cost of this is prohibitive. The lack of equivalent surfaces top and bottom is not a major issue, it simply means that the reported surface energy for any explicit atom model will be an average of the surface energies for both.
The results in Table 2 indicate that the [111] working surface is stable for all models, with the VCA approach predicting the most stable result; this result is anomalous, however, as the VCA approach fails to recreate local distortions around the different metal ions adequately (see Figure 6 ), or the appropriate degree of surface relaxation (indeed VCA surfaces expand slightly during optimisation, see the Supporting Information, SI10), and thus retains a structure much closer to the bulk model. All atom-explicit models (A-J and C.E. surf) display significant local distortions. Some are shown graphically in Figure 6 . From this we conclude that the VCA cannot be applied reliably to calculate surface geometries and energies for Pn.
The cluster expansion surface model displays a surface energy of 1.38 Jm in this work, which is well known to over-delocalise d-electrons. 43 However we also note that values obtained from the LMTO tight binding approximation (5.54 eV for FCC Fe and 5.77 eV for FCC Ni) 44 appear to overcompensate for this shortcoming and return numbers that are too high.
Calculated binding energies for ethyl xanthate bound to Pn under both the VCA and atom-explicit (models 1-10) surfaces are given in ) were found across the range of explicit model surfaces. All recorded binding energies except one relate to a bridging geometry, with each of the sulfur atoms from the ligand coordinating to a separate metal on the mineral surface [see Figure   7 (a)]. The only exception is model 2, which displays an energetically less favourable tripodal geometry, where one sulfur atom binds to two surface metals [see Figure 7 (b)]. To observe whether there is a strong correlation between ligand binding energy and surface structure, the distribution of metals throughout the lattice was analysed as before. A breakdown of the metal site occupancies in each layer of surface models 1-10 is given in Table 3 ; ligand binding occurs onto layer 1. Table 3 mineral surface, with a high probability that most explicit models will lie between these two extremes.
Finally, the strain in the ligand and the surface which is associated with binding can be determined by running separate single point energy calculations of the ligand-bound and surface-bound geometries and comparing them with their optimised unbound counterparts. This suggests that, as would be expected, the ligand harbours more strain energy than the surface, with internal geometry changes corresponding to around 25 kJmol -1 of strain energy, versus around 8 kJmol -1 for the surface.
Hydration and hydroxylation enthalpies of Pn surfaces
The binding energies for increasing coverages of water molecules on the Fe-and Ni-enriched surfaces are presented in Table 4 . Data relevant to the calculation of these binding energies is presented in the Supporting Information, SI11. The 'full' coverage monolayer model represents the lowest energy conformation achieved from the different repeat models outlined in the methodology. Also presented in Table 4 
Conclusions
In this study we conducted a first principles investigation into the mineral pentlandite (Pn), which 
